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SUMMARY Many indices have been proposed to describe the diastolic pressure-volume curve mathematically and permit quantification of the elastic properties of the myocardium itself in hopes that changes in the muscle caused by disease would be reflected in the diastolk pressure-volume curve. To date, none of the proposed indices has been shown convincingly to discriminate one group of patients from another. While this situation in part arises from the relatively large amount of noise introduced by the technical difficulties of measuring synchronous pressures and volumes during diastole in man, there is a more fundamental difficulty. In practice, one can measure only 8 short segment of the entire pressure-volume curve, and the values of all diastolic pressure-volume curve parameters investigated change significantly when one uses different segments of the same pressure-volume curve to compute them. These results were derived from relatively noise-free pressure-volume curves obtained by filling nine excised dog left ventricles at a known rate and monitoring pressure. Furthermore, the change in the value of the parameters is different for different dogs (i.e., there is a significant interaction effect in the analysis of variance), and this interaction precludes a simple correction factor to account for the segment of the pressure-volume curve used to compute the parameter. Merely increasing measurement fidelity will not resolve this problem, because none of these parameters accurately characterizes the entire diastolic pressure-volume curve from a segment like that which one can reasonably expect to obtain from humans.
BECAUSE the diastolic pressure-volume relationship plays an important role in determining the left ventricle's systolic performance through the Frank-Starling mechanism, there has been considerable effort, recently reviewed by Mirsky, 1 directed toward describing the diastolic pressure-volume relationship with a single parameter and interpreting its value in terms of the myocardium's elasticity. The accepted view of the diastolic pressurevolume curve considers the ventricle an unconstrained elastic shell that is subject to uniform internal and external pressures and that expands as it fills, with the curve reflecting the ventricle's geometry and the myocardium's nonlinear elasticity. Presumably, with different diseases the mechanical properties of the muscle change and the pressure-volume curve reflects this change. For example, if muscle stiffens with ischemia, a partially ischemic ventricle should exhibit a higher or steeper pressure-volume curve than normal. Since the extent and severity of ischemia play an important role in deciding whether to attempt to revascularize ischemic myocardium through coronary artery bypass graft surgery, considerable attention has been devoted to studying pressure-volume curves of patients with coronary artery disease. 1 "" By computing various parameters from the pressure-volume curve the investigators hoped to quantify the extent of ischemia. Similar studies have been directed at explaining how hypertrophy, congestive cardiomyopathy, and infarction affect the pressure-volume curve. 8 -11 " 18 Unfortunately, the values of the proposed parameters exhibit considerable scatter within and overlap between patient groups. In fact, an analysis of variance often fails to detect differences between the values of the parameters in different patient groups.* In other words, one cannot discriminate between patient groups on the basis of the proposed parameters computed from the diastolic pressure-volume curve. Glantz and Kernoff 18 showed that one can compute the value of a constant which describes the nonlinear elasticity of the muscle comprising a dog's ventricle by measuring the pressure-volume curve from 0 to 40 mm Hg. However, they confronted a much simpler situation than one encounters when quantifying a human's diastolic pressurevolume relationship. By studying excised dog hearts, they obtained very clean data over a very wide range of pressures and volumes. In contrast, in man one can obtain only much noisier data because of difficulty in measuring volume angiographically and obtaining synchronous pressure measurements. Certainly, these technical difficulties account for some of the scatter in the values of the parameters. The hope has been that, as measurement techniques improve, such as by using computer-processed frame-byframe angiograms and manometer-tipped catheters, one could overcome these problems. There is, however, one problem that cannot be solved by better measurements: In the clinical setting one can observe only a short segment of the diastolic pressure-volume relationship. Furthermore, hemodynamic interventions designed to increase or decrease pressures in an effort to observe more of the pressure-volume curve 10 may shift the entire curve 16 " 11 which invalidates this technique for obtaining data along a longer section of the pressure-volume curve. Thus, one must use a relatively short segment of the nonlinear pressure-volume curve to compute parameters to describe the entire curve.
Before concluding that a given parameter describes the diastolic pressure-volume relationship and relates to the mechanical properties of the muscle itself so that one can infer that changes in this parameter's value indicate changes in the muscle with different disease states, one must demonstrate that it can be computed accurately from the limited segment of the pressure-volume curve available clinically. To investigate this question, I computed 15 different parameters from two segments of the same pressure-volume curve. The lower range (3-11 mm Hg) approximated a normal range of diastolic pressures, and the higher range (15-31.5 mm Hg) approximated the elevated pressures to be found in patients with heart disease. To be suitable for clinical use, a parameter must describe the entire pressure-volume curve from such a short segment; its value should not change when one uses a different piece of the same pressure-volume curve to compute it. Unfortunately, as previous work by Mirsky 1 and Fester and Samet 9 suggested, all the parameters investigated changed significantly from one segment of the curve to the other. In addition, the magnitude of the change differed for different dogs, indicating that probably there is no simple factor one can use to correct for the curve segment obtained in the clinical situation. This fundamental theoretical difficulty precludes computing a single parameter which will permit quantitative description of a given patient's myo-cardium by cross-plotting pressure and volume during diastole.
Methods

EXPERIMENTAL
These computations were based on the same 54 pressure-volume curves measured for excised dog ventricles used by Glantz and Kernoff 18 to show that one could infer muscle stiffness from a long segment of the pressurevolume curve. They removed dog hearts and sealed them shut with ties around the aorta and atrioventricular groove, with one catheter in the left ventricle attached to a pressure transducer and another to a constant infusion pump. After removing air bubbles, they filled and emptied the ventricle with Ringer's solution three times to obtain six pressure-volume curves for each of nine dogs. Pressure was measured for every 0.675 ml of volume along the pressure-volume curve and the volume at zero pressure was measured by siphoning out the Ringer's solution in the ventricle at zero transmural pressure after the six pressurevolume curves had been measured. All measurements were completed within 30 minutes after removing the ventricle. Figure 1 shows data from one of the better and one of the poorer experiments. This procedure produced relatively noise-free data for subsequent analysis of how sensi- tive pressure-volume parameters are to the segment of the overall pressure-volume curves used to compute them.
COMPUTATIONAL
Since Glantz and Kernoff 18 measured pressure-volume points at discrete volumes, it was not possible to analyze precisely the same range of pressures for each curve. The lower segment was defined by the two points whose pressures came nearest to 3 and 11 mm Hg, and the upper segment was defined by the two points whose pressures came nearest to 15 and 31.5 mm Hg. The mean values of the end points of the resulting segments equaled these values to three significant digits, and the ranges of end points were: 2.8-3.1, 10.6-12.0, 14.3-15.8, and 30.5-34.0 mm Hg, respectively. The value of dp/dV was computed using central differences as outlined in Glantz and Kernoff, and the value corresponding to the upper end of each pressure-volume segment was found by linear interpolation in the resulting dp/dV vs. p table.
With the exception of the Fester and Samet 9 and Glantz and Kernoff 18 parameters, all the pressure-volume parameters could be computed from the two end points of the pressure-volume curve segments (analogous to beginning and end diastole); these computations were carried out using a Novus model 4515 programmable hand calculator for all nine dogs, for a total of 108 curve segments. Evaluating the Fester and Samet and the Glantz and Kernoff parameters required curve-fitting to multiple points along the curve segments (analogous to analyzing the results of frame-by-frame angiography) and this fitting was accomplished using the February 7, 1975, version of the nonlinear regression progTam BMD/P3R" with all points weighted equally and the convergence tolerance set to 0.001. The first guesses for the Fester and Samet parameters K o , C o , and B were 10/cm, 0, and 1.25 cm, respectively. These values were the result of preliminary graphical analysis of a few randomly selected curves. The results of this program were fed, with the original data, into a second Fortran program which computed Fester and Samet's K 3 , Q,, and (£3)^1. The first guess for the Glantz and Kernoff parameters were taken to be the mean values they reported for each dog when fitting the entire curve. To conserve computer time data for only five dogs (60 curve segments) were analyzed.
STATISTICAL
With six pressure-volume curves for each dog the computed value of each pressure-volume parameter for the low and high segments permits one to construct a two-way analysis of variance with replication which can be analyzed in terms of a mixed-effects model. 17 The fixed effect is whether the parameter was computed using the lower or upper segment of the pressure-volume curve, the random effect is the dog, and there are six replicates of each measurement. Thus, we can test three null hypotheses:
1. Fixed effect: The pressure-volume parameter does not change value between the lower and upper segments of the same pressure-volume curve.
2. Random effect: The parameter value does not change between dogs.
3. Interaction effect: Moving from the low to the high segment changes the parameter value in the same way for all dogs. Figure 2 shows that, as Mirsky 1 remarked, all the directly computed pressure-volume parameters, Ped/Ved, Ap/ AV, ( d p / d v u [V(d P /dV)k, [(dp/dvj/p],,,, [(V/ P ) (dp/ dV)],^, Ap/AD, and (Ap/AD)/p, all change significantly when one moves from the lower to the higher segment of the pressure-volume curve, (p = pressure; V = volume; D = diameter computed assuming the ventricle to be a sphere of volume V, that is, D = (6V/7r) 1/3 ; subscript ed = end-diastole). Panels A-C of Figure 2 also show the geometric interpretation of these parameters. All the parameters also vary significantly from dog to dog and there is a significant interaction effect, meaning that one cannot apply a simple correction factor to the parameter value obtained from the lower segment of the curve to obtain the value computed from the higher segment.
Results
It has long been recognized that above minimal pressures the diastolic pressure-volume curve approximates a straight line when plotted on semilogarithmic graph paper (Fig. 3 ). This observation led Gaasch et al. 10 ' '* to propose fitting the pressure-volume curve with an exponential function of the form p = be"
0)
Since in practice one can obtain the end-diastolic pressurevolume point with relative ease, they used studies of excised dog ventricles to argue that the parameter b always equals approximately 0.43 mm Hg. With this assumption, one can compute the parameter k from end-diastolic pressure and volume with the formula (In Ped -In 0.43)/Ved. (2) Fester and Samet 9 have already criticized this approach on theoretical grounds; in addition, kc suffers from the same computational problems as the indices we have already discussed. Figure 4A shows that this procedure is equivalent to drawing an exponential curve from the point (0, 0.43 mm Hg) to the point (ped, Ved). Note that this curve does not follow the true pressure-volume curve and that the value of k G changes significantly when one moves from the lower to the upper curve segment. Figure 4B shows that if one uses the two end points of the pressure-volume segments, Equation 1 describes each segment quite well, but the two resulting curves differ substantially. The fact that the exponential fit to the lower segments falls below that fit to the upper segment at high pressures and below it at low pressures follows from the fact that, even though the pressure-volume plot approximates a straight line on semilogarithmic paper over each segment (Fig. 3) , it is not a true exponential. The deviations from the true exponential shape, while small over any given segment, are large enough to produce significantly different values of parameters k and b when they are computed from different parts of the same pressure-volume curve. Figure 4 illustrates another dificulty in using an exponential function to describe the pressure-volume curve. In reality, the pressure must drop to zero at some positive 
FIGURE 2 All the simple pressure-volume curve indices change significantly when one moves from the lower to the higher segment of the pressure-volume curve. Panels A through C illustrate the geometric interpretation of three of the parameters. ptd/V^ equals the slope of the line connecting the origin with the end-diaslohc point, Ap/AV equals the slope of the straight line connecting the beginning and end-diastolic points on the pressure-volume curve, and (dp/dV)^ equals the slope of the tangent to the pressure-volume curve at end-diastole. The plot showing how the parameters' values change when one changes from the lower to the higher segment of the curve represents the mean changes for each dog; each end point of each line represents the mean of six determinations. (The curve shown in panels A through C and subsequent illustrations is curve 2U of dog 2.)
volume, therefore the intercept of the true pressure-volume curve with the vertical axis must be at a negative pressure. In contrast, any exponential function of the form of Equation 1 intercepts the vertical axis at some positive pressure, b. Thus, in approximating the intercept, b, one cannot even produce an index with the correct sign. Mirsky et al. 8i " used the natural stress and strain definitions and the theory of a linearly elastic, thick-walled sphere 13 to derive two parameters that they took to reflect the ventricle's nonlinear elasticity, the magnitude of the elastic stiffness at end-diastole, (E,^, and the stiffnessstress relationship's slope, k,. He approximated these parameters using a-[(dp/dV)/pL d 
(E,)^ -M o i k (6) in which V w is the ventricular wall volume and a, b, and R are the internal, external, and midwall radii, respectively, of a sphere with the same internal and wall volume as the left ventricle. Figure 5 shows that the values of k, and (E,)e<i change significantly when one computes them from different parts of the same curve and there is a strong interaction effect between the curved segment used and the dog.
Fester and Samet* used the natural stress and strain definitions and arguments similar to those of Mirsky to define a number of pressure-volume parameters. They began with the formula of Falsetti et al." to compute wall stress cr cl = [(2a l -L I )/(2a 1 + Lh)]Lp/h (7) in which oe i is the instantaneous stress, a is the length of the semimajor endocardial axis, and L is the semiminor endocardial axis calculated from the equation
After using geometric data from frame by frame angiograms to compute cr ei and L for multiple points during diastole they computed the parameters Ko, Q , and B to obtain the best least squares agreement between these computed values and the stress-circumference relationship cr e , = (e Ko(L-B) _ Co)/Ko. (9) Finally, they used the resulting parameters to find the new parameters K 3 
(See Figures 3 and 4 of Pao et al. 25 for justification of this assumption.) Figure 5 shows that, with the exception of C o and B, all of Fester and Samet's proposed parameters change significantly when one computes them from different segments of the same pressure-volume curve; Co, however, varies considerably and more cases probably would show it to change significantly. In addition, there is always a strong interaction effect. Finally, Figure 6 shows that, like all its cousins, the Glantz and Kernoff parameter /3* 18 changes significantly when one computes it from a different part of the same pressure-volume curve.
Discussion
All the parameters proposed to describe the pressurevolume curve appear highly sensitive to the segment of the pressure-volume curve used to compute them. Some of these indices (such as p«i/Ved and Ap/AV) change because the pressure-volume curve is not linear, 1 and others (such as k G , k, and b) change because it is not a simple exponential. 9 Therefore, none is suitable for comparisons in which one is making measurements for different individuals. In Volume, V (ml) FIGURE 4 A: Gaasch's parameter kc follows from drawing an exponential curve from a pressure of 0.43 mm Hg on the vertical axis through the end-diastolic point. Note that it does not follow the true pressure-volume curve. B: If one uses beginning and end-diastole to evaluate the two parameters b and k in a simple exponential relationship, one can obtain close agreement with the measured pressure-volume curve to points included within a given segment, but the exponential diverges from the true pressure-volume curve as one moves away from the segment used to evaluate the parameters k and b. The thin solid line is the exponential fit to the lower segment and the dotted line is the exponential fit to the upper segment. Note that with both exponential formulations the curve which follows from the parameters used to quantify the pressure-volume relationship intersects the vertical axis at positive pressures, while the true pressure-volume curve must intersect the vertical axis at negative pressures. 0* computed to fit the lower and higher segments of the pressurevolume curve. The light solid line is fit to the lower segment and the dotted line is fit to the upper segment. VOL. 39, No. 6, DECEMBER 1976 many of the clinical studies cited, end-diastolic pressure increased with heart disease along with the values of the pressure-volume curve parameters. The tendency to obtain higher values for the pressure-volume parameters for individuals with heart disease may reflect the fact that one obtains points higher on the pressure-volume curve, rather than a change in the mechanical properties of the cardiac muscle. This computational artifact may explain the weak but significant correlations that often appear between enddiastolic pressure and the pressure-volume parameters. For example, r = 0.64 (P < 0.001) between k, and p^i in the 66 patients of Mirsky et al., 8 andr = 0.47 (P < 0.002) between K, and ped for the 44 patients of Fester and Samet." (Their patient 18 has been deleted as an outlying point to avoid spurious correlation; including this patient would increase the correlation.) This fact, combined with the technical difficulty of measuring the pressure-volume curve in man, probably explains why investigators observe so much scatter in the computed values of their parameters in nature and reflects the difficulty in extrapolating empirical fit beyond the range of the data. Simply increasing the fidelity of measurements will not resolve this problem, since none of these parameters accurately characterizes the entire diastolic pressure-volume curve from a segment such as one can reasonably expect to obtain in a clinical setting.
FIGURE 6 Glantz and Kernoffs representation 11 for the pressure-volume curve suffers from difficulties similar to those of the exponential fits, in that the higher segment of the pressure-volume curve appears to be coming from a sleeper overall pressure-volume relation than the lower segment, giving rise to significantly different value of the parameter
This problem is complicated further by the fact that acute hemodynamic interventions such as administration of angiotensin, nitroprusside, and nitroglycerin, and isometric exercise, that never have been shown to affect the elasticity of muscle, can produce dramatic shifts in the diastolic pressure-volume curve. 1B -21 -2 "' 17 In addition, simply stiffening the muscle could not produce shifts in the pressure-volume curve of the magnitude observed during angina 7 -11 (R.F. Janz, personal communication). Until better theoretical models have been developed and verified experimentally, the clinician probably would do best to rely on the simple measures of end-diastolic pressure and volume.
